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The present invention relates to computer systems and more particularly to 
reducing the amount of power consumed by an electronic device, such as a 
processor, in a low power state. 
BACKGROUND 

5 Computer systems are becoming increasingly pervasive in our society, 

including everything from small handheld electronic devices, such as personal data 
assistants and cellular phones, to application-specific electronic components, such 
as set-top boxes and other consumer electronics, to medium-sized mobile and 
desktop systems to large workstations and servers. Computer systems typically 
J: 10 include one or more processors. A processor manipulates and controls the flow of 
Jl data in a computer by executing instructions. To provide more powerful computer 

yi systems for consumers, processor designers strive to continually increase the 

yi operating speed of the processor. Unfortunately, as processor speed increases, the 

!•* power consumed by the processor tends to increase as well. Historically, the power 

W; 

J J 15 consumed by a computer system has been limited by two factors. First, as power 

C3 

7? consumption increases, the computer tends to run hotter, leading to thermal 

dissipation problems. Second, the power consumed by a computer system may tax 
the limits of the power supply used to keep the system operational, reducing battery 
life in mobile systems and diminishing reliability while increasing cost in larger 
20 systems. 

The present invention addresses this and other problems associated with the 
prior art. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example and not limitation in the 
accompanying figures in which like references indicate similar elements and in 
which: 

Figure 1 includes a computer system formed in accordance with an 
embodiment of the present invention; 

Figure 2 includes a processor formed in accordance with an embodiment of 
the present invention; and 

Figure 3 includes a flow chart showing a method of the present invention. 

DETAILED DESCRIPTION 

In accordance with an embodiment of the present invention, a triggering 
event is initiated to place a processor in a low power state. To reduce leakage in 
this low power state, the voltage supplied to the processor may be lowered, 
including the voltage supplied to the L2 cache of the processor. Lowering the 
voltage to the L2 cache may subject the cache to an increased soft error rate (SER). 
A soft error occurs when a bit is set to a particular value in the processor and 
spontaneously changes to the opposite value (e.g. from a logical "1" to a logical "0", 
or vice-versa), thereby corrupting the associated data. A soft error may be caused 
by cosmic rays passing through a storage element within the processor, charging or 
discharging the storage element, thereby causing a stored bit to change its value. 

In accordance with an embodiment of the present invention, the processor 
may or may not flush the L2 cache upon entering the low power state depending on 
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a power status signal. The power status signal may indicate the relative priority of 
power reduction associated with placing the processor in the low power state without 
first flushing the L2 cache versus an increase in SER in the L2 cache associated 
with the voltage reduction in the low power state. The power status signal may also 
indicate if the computer system is to enter a suspend state. 

A more detailed description of embodiments of the present invention, 
including various configurations and implementations, is provided below. 

As used herein, the term "while" is intended to mean during all or some 
portion of time within the period of time that satisfies a condition. For example, the 
statement "event 'A' occurs while event 'B' occurs" is intended to mean that event A 
may occur during all or some portion of the period of time during which event B 
occurs. 

Also, as used herein, the term "upon" is intended to mean before, after, or 
during the occurrence of an associated event. For example, the statement "event 
'A' occurs upon the occurrence of event 'B'" is intended to mean that event 'A' may 
occur before, after, or during the occurrence of event 'B', but is nevertheless 
associated with the occurrence of event 'B'. As a more specific example, "a 
processor cache is flushed upon entering a low power state" means that the 
contents of the cache may be flushed before, after, or during the transition to the low 
power state, and this flush is associated with the low power state transition. 
"Contents of a cache are maintained upon entering a low power state" means that 
the contents of the cache may be maintained while the processor is in the low power 
state. Note that no distinction is made between flushing a cache and flushing 
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contents of a cache. Further note that "contents" may include all or only a portion of 
the total contents of the cache. 

Figure 1 includes a computer system that may be formed in accordance with 
an embodiment of the present invention. As shown, the computer system may 

5 include a processor 100 coupled to hub 110. Processor 1 00 may be powered by 
one or more voltages from voltage regulator 150, and clock 155 may provide a clock 
signal to processor 100. Processor 100 may communicate with graphics controller 
105, main memory 115, and hub 125 via hub 110. Hub 125 may couple peripheral 
device 120, storage device 130, audio device 135, video device 145, and bridge 140 

10 to hub 110. 

^ Audio device 135 may include, for example, a speaker, a microphone, or 

J* other input/output device. Video device 145 may include, for example, a display 

lij 

yi screen, camera, or other video input /output device. Bridge 140 may couple hub 

§»* 125 to one or more additional buses coupled to one or more additional peripheral 

15 devices. Peripheral device 120 may be one or more other peripheral devices. Note 
that in accordance with alternate embodiments of the present invention, a computer 
system may include more or fewer devices than those shown in Figure 1 , and the 
devices of Figure 1 may be partitioned differently. 

Note that a method of an embodiment of the present invention may be 
20 implemented by the computer system of Figure 1 programmed to execute various 
steps of the method. This program may reside, at least in part, in any machine- 
readable medium such as a magnetic disk (e.g. a hard drive or floppy disk), an 
optical disk (e.g. a CD or DVD), a semiconductor device (e.g. Flash, EPROM, or 
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RAM), or a carrier wave (e.g. an electrical or wireless data signal), all of which are 

collectively represented by storage device 130 of Figure 1 . 

Hub 125 of Figure 1 includes a power manager 127. Power manager 127 

may send power status signals to voltage regulator 150, processor 100 and clock 
5 1 55. These power status signals may be in accordance with the Advanced 

Configuration and Power Interface Specification, Rev. 2.0, published July 27, 2000. 

These power status signals may indicate the power states of one or more 

components of the computer system. In accordance with an alternate embodiment 

of the present invention, power manager 127 may reside within a different 
1 0 component of the computer system (such as within hub 1 1 0 or processor 1 00), may 

be a discrete component, or may be distributed among multiple components of the 



j[i 1 5 processor 200 may be implemented as processor 1 00 of Figure 1 , or, alternatively, 



processor 200 may be another device such as a graphics controller (also to be 
encompassed under the generic term "processor" as used herein). As shown, 
processor 200 includes one or more voltage supply input ports to receive one or 
more voltages from one or more voltage regulators (such as voltage regulator 150 of 
20 Figure 1). Voltage is provided to L2 cache 205, L1 cache 210, core 215, and phase 
locked loop (PLL) 220 to power these components. Core 215 of Figure 2 may 
include a pipeline of processor 200, including execution units and registers for 
executing instructions. 




computer system. 



the present invention. In accordance with one embodiment of the present invention, 



Figure 2 includes a processor formed in accordance with an embodiment of 
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In accordance with one embodiment of the present invention, processor 200 
of Figure 2 may additionally include one or more power status signal (PSS) ports to 
receive a power status signal (which may include one or more individual signals) 
from an external source such as from power manager 127 of Figure 1 . The PSS 
5 port may be coupled to PLL 220 and core 21 5 to provide the power status signal to 
these components of processor 200. In accordance with an alternate embodiment 
of the present invention, the power status signal may be generated internally, e.g. 
within core 215 of processor 200, and provided to components of processor 200. 
The power status signal may be internally generated based on, for example, data 

52 1 0 provided to processor 200 and stored in one or more registers of processor 200. 

Jrf In accordance with one embodiment of the present invention, processor 200 

Z 

yi of Figure 2 may include a clock (elk) input port to receive one or more clock signals 

y 

€= from an external clock generator such as clock 1 55 of Figure 1 . The clock signal 

J* may be provided to core 21 5 via PLL 220 (which may serve to multiply its 

S 1 5 frequency). Note that the clock to the core may be on or off depending not only on 

S ! 

ft whether or not PLL 220 provides the clock signal to core 21 5 but also on whether or 

not the external clock source, such as clock 155, provides the clock signal to PLL 
220. 

Figure 3 includes a flow chart showing a method of the present invention. In 
20 accordance with one embodiment of the present invention, the method of Figure 3 
may be implemented on the computer system of Figure 1 including the processor of 
Figure 2. 
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At step 300 of Figure 3, an event occurs that triggers the processor to 
transition into a low power state. This triggering event may be a request by a user 
such as, for example, when a user presses a "sleep" or "suspend" button on a 
computer system. The triggering event may alternatively be the execution by the 
computer system of an instruction that requests a transition to a low power state. 
Alternatively, the triggering event may be initiated by the computer system upon 
detecting inactivity of the computer system for a timeout period. 

In response to the triggering event that occurs at step 300 of Figure 3, a 
particular power status signal (which may include one or more individual signals) 
may be sent from power manager 127 of Figure 1 . This power status signal may be 
used by various components of the computer system, such as one or more voltage 
regulators, the clock, and one or more processors, to place the system in the 
desired low power state. 

At step 305 of Figure 3 it may be determined if the computer system is to be 
placed in a suspend state. In accordance with one embodiment of the present 
invention, a suspend state may be an S1 , S2, S3, S4, S5 or any other system states 
other than an SO state, as defined by ACPI. The suspend state may alternatively be 
referred to as a sleeping state or non-working state. Determination as to whether or 
not the system is to be placed in a suspend state may depend on the triggering 
event at step 300, the current state of the system, or both. In accordance with one 
embodiment of the present invention, determination as to whether or not the system 
is to be suspended (or, if already suspended, whether or not the system is to remain 
suspended) may be indicated by the power status signal. 
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In accordance with an embodiment of the present invention, if, at step 305 of 
Figure 3, it is determined that the computer system is to be suspended, then at step 
325 the cache of the processor is flushed. In accordance with one embodiment of 
the present invention, the cache that is flushed may include the L1 cache, the L2 
cache, or both. In accordance with alternate embodiments of the present invention, 
alternate cache levels may be implemented in a processor, and one or more of 
these caches may be flushed at step 325. 

By flushing the cache at step 325 of Figure 3, the integrity of the contents of 
the cache (data) may be better maintained during the low power state in which the 
voltage supplied to the cache is reduced (to be described in more detail below). 
This is because the SER in the cache increases when the voltage supplied to the 
cache is reduced, thereby reducing the integrity of any data stored in therein. 
Unfortunately, maintaining the integrity of the cache data by flushing it at step 325 
may come at a cost. 

This cost is the latency associated with flushing the cache upon entering the 
low power state, and reloading the cache after the processor exits the low power 
state. Due to this latency, a processor that flushes its cache upon entering a low 
power state may spend less time in that low power state than if its cache is not 
flushed upon entering the low power state. As a result, the average power 
consumed by the processor that flushes its cache upon entering the low power state 
may be greater than the average power consumed by the processor that does not 
flush its cache upon entering the low power state. In accordance with an 
embodiment of the present invention, a balance is struck between the priorities of 
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maintaining data integrity by flushing a cache and reducing power consumption by 
not flushing the cache. 

In accordance with an embodiment of the present invention, the cache is 
flushed at step 325 if it is determined that the computer system is to be suspended 
at step 305 of Figure 3 because the latency associated with flushing the cache may 
be hidden by the latency associated with suspending (and later waking) the system. 
If, however, it is determined that the system is not to be suspended at step 305, 
then the priority of low power operation versus data integrity is determined at step 
310. 

In accordance with an embodiment of the present invention, the power 
savings associated with flushing versus not flushing the cache is balanced against 
the data integrity associated with increasing the SER in the cache by reducing its 
voltage. If, at step 310 of Figure 3, it is determined that the power reduction 
associated with not flushing the cache is a lower priority than avoiding the increase 
in the SER in the cache associated with reducing the voltage to the cache, then the 
cache is flushed at step 325. In other words, if it is determined at step 310 that low 
power operation of the system is not the priority versus data integrity associated with 
the SER, then the cache is flushed at step 325. 

In accordance with one embodiment of the present invention, low power 
operation of the computer system may be determined to be a lesser priority than 
data integrity associated with the SER at step 310 of Figure 3 if, for example, the 
system is powered by an electrical power outlet. This determination may be made 
in accordance with the power status signal. For example, for one embodiment of 
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the present invention, the power status signal may include a signal to indicate 
whether or not the computer system is powered by an electrical power outlet or a 
battery. 

If, at step 310 of Figure 3, it is determined that the power reduction associate 
with not flushing the cache is a higher priority than avoiding the increase in the SER 
in the cache associated with reducing the voltage to the cache, then the cache is not 
flushed at step 320. In other words, if it is determined at step 310 that low power 
operation of the system is a higher priority than data integrity associated with the 
SER, then the cache is not flushed (i.e. the contents of the cache are maintained) at 
step 320. In accordance with one embodiment of the present invention, the cache 
that is not flushed includes both the L1 cache and the L2 cache. Alternatively, the 
cache that is not flushed may be only the L1 or L2 cache. In accordance with 
alternate embodiments of the present invention, alternate cache levels may be 
implemented in a processor, and the contents of one or more of these caches may 
be maintained at step 320. 

In accordance with one embodiment of the present invention, low power 
operation of the computer system may be determined to be a higher priority than 
data integrity associated with the SER at step 310 of Figure 3 if, for example, the 
system is powered by a battery. This determination may be made in accordance 
with the power status signal. For example, for one embodiment of the present 
invention, the power status signal may include a signal to indicate whether or not the 
computer system is powered by an electrical power outlet or a battery. 
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For another embodiment, the power status signal may include a signal to 
indicate whether or not low power operation has been requested, either directly or 
indirectly, by the computer system user. For this embodiment, low power operation 
may be determined to be a higher priority than data integrity associated with the 
SER at step 310 of Figure 3, and the cache contents may accordingly be maintained 
at step 320. For yet another embodiment of the present invention, the power status 
signal may include a signal to indicate that a thermal trip point has been reached 
and the processor is to be cooled. For this or other embodiments in which cooler 
operation of the processor is desired, low power operation may be determined to be 
a higher priority than data integrity associated with the SER at step 310, and the 
cache contents may accordingly be maintained at step 320. 

At step 330 of Figure 3, voltage to the cache or caches of steps 320 or 325 
may be reduced. In accordance with one embodiment of the present invention, the 
clock to the processor core is also stopped so that the clock is off while the 
processor is in the low power state. In accordance with one embodiment of the 
present invention, voltage to the cache is reduced along with the voltage to other 
components of the processor. For example, as shown in Figure 2, the voltage that 
powers L2 cache 205, L1 cache 210, processor core 215, and PLL 220 may be 
reduced. Reducing the voltage reduces the leakage current in the processor, 
thereby reducing the power consumption of the processor. 

In accordance with one embodiment of the present invention, the voltage 
level may be reduced at step 330 to a voltage level that is less than twice the 
average threshold voltage of a majority of transistors of the processor. This voltage 
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level may be found to significantly reduce leakage current while maintaining an 
acceptable SER. For one embodiment of the present invention, after the clock is 
stopped and the voltage is reduced at step 330, the processor is in the low power 
state. Upon exiting the lower power state, the voltage level may be raised to the 
initial operating level and the cache lines of flushed caches may be invalidated. 

This invention has been described with reference to specific exemplary 
embodiments thereof. It will, however, be evident to persons having the benefit of 
this disclosure that various modifications and changes may be made to these 
embodiments without departing from the broader spirit and scope of the invention. 
The specification and drawings are, accordingly, to be regarded in an illustrative 
rather than a restrictive sense. 
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